A DNA-immobilized-gel could be used for functional materials such as sensors or adsorbents of carcinogenic agents which bind DNA by the intercalation. In the present study, DNA-polyelectrolyte complex gels are prepared by the method utilizing the complex formation between polyanions (DNA) and polycations (copolymer of N,N-dimethylaminopropylacrylamide, methyl chloride quarternaly and N,N-dimethylacrylamide). Swelling and mechanical properties of the gels are measured as functions of the concentration of crosslinkers and the molar ratio of cationic monomers. Adsorption of acridine orange (AO) as a kind of DNA intercalators to the complex gel is measured, and the adsorption efficiency of the gel is found to depend on the monomer composition of the matrix gel network.
INTRODUCTION
It has been expected that DNA gels and films could be applied as functional materials because of its ability to interact with various kinds of molecules due to its double helical structures. [1] [2] [3] [4] DNA-immobilized gels could be used as sensors or adsorbents of carcinogenic agents which selectively bind DNA by the intercalation between adjacent base pairs. 5, 6 In the present study, a DNA-immobilized gel was prepared by the method utilizing the polyion complex formation. 7 A cationic monomer of N,N-dimethylaminopropylacrylamide, methyl chloride quarternaly (DMAPAA-Q) and a neutral monomer of N,N-dimethylacrylamide (DMAA)) were copolymerized in the presence of a crosslinker of MBAA and the polyanion DNA, resulting in a gel network on which DNA molecules are immobilized by the complex formation between the polyanion DNA and a cationic gel network of poly(DMAPAA-Q-co-DMAA). The DNA-polyelectrolyte complex gels of different cross-linking densities and of different amount of cationic monomers were prepared and their swelling and mechanical properties were studied. Adsorption behavior of acridine orange (AO), a DNA intercalator, was measured and the effect of the cross-linking density and of the amount of cationic monomers on the adsorption behavior was discussed.
EXPERIMENTS
DMAPAA-Q and DNA sodium salt with 500-2000 bp from salmon milt were provided by Kohjin Co., Ltd. and by Nippon Chemical Feeds Co., Ltd., respectively. The DNA sample was reported to assume a double helical structure. 8 MBAA, potassium persulfate (KPS) and AO were purchased from Wako Pure Chemical Industries, Ltd. MBAA was supplied from Tokyo Chemical Industry Co., Ltd. These chemicals were used without further purification.
DNA-polyelectrolyte complex gel was prepared as follows: A pre-gel solution was prepared by dissolving DMAA, DMAPAA-Q, MBAA, KPS and DNA in Milli-Q water to the final concentrations of 0.9 M, 0.1 M, 0.02 M, 0.001 M and 2 wt%, respectively. After being bubbled with nitrogen gas for 30 min, the solution was poured into a glass cell and was heated to 60.0 o C. The temperature was maintained for at least 10 h for the radical polymerization. The obtained DNA complex gel was immersed in a copious amount of pure water for 7 days for the equilibration. The complex gels with different cross-linking densities were prepared by varying the molar concentration C MBAA of MBAA relative to the monomer concentration in the pre-gel solution from 0.2 to 8 mol%. In order to study the effect of the amount of cationic monomers, the molar ratio r DMAPAA-Q of DMAPAA-Q was varied from 0 to 0.5 with the total monomer concentration fixed at 1 M.
Swelling ratio q and Young's modulus E were measured for the characterization of the complex gels. The swelling ratio q was defined as q =W 0 /W , (1) where W 0 and W are the weight of a gel before and after the freeze-drying, respectively. The Young's modulus E of the gel was determined by an indentation test. A cylindrical probe of a diameter a = 1mm equipped with a load-cell was used. The Young's modulus E was calculated with the equation based on the Hertz model as
where P, δ and ν p are the load, the indentation depth and the Poisson's ratio, respectively. 9 The value of ν p was assumed to be 0.5 in the present study. The adsorption of AO to the complex gel was measured as follows: 0.5 g of the gel was cut into cubes approximately 3mm on a side and was immersed in 5 cm 3 of a 14 μg/cm 3 AO solution for a month. The concentration of AO in the solution was determined from absorbance at 490 nm and the weight of AO adsorbed to the gel was estimated. The adsorption behavior of the complex gels was represented by the adsorption ratio α, which is defined as the ratio of the weight of adsorbed AO to the total weight of AO contained in the solution initially. Figure 1 shows the effect of the cross-linking density on the Young's modulus E and the swelling ratio q of the complex gels. The molar ratio r DMAPAA-Q of DMAPAA-Q is fixed at 0.1. Figure 1 indicates that E increases with C MBAA and q decreases with C MBAA . Figure 2 shows the dependences of E and q of the complex gels on r DMAPAA-Q . The concentration C MBAA of MBAA is fixed at 2 mol%. In Figure 2 , E decreases with r DMAPAA-Q and q increases with r DMAPAA-Q . Figure 1 and for the r DMAPAA-Q dependence in Figure 2 , respectively. In the both plots, E decreases with q and the data are represented by a straight line, however, the slope of the line is different with each other; the slope for the C MBAA dependence is -1.6 and that for the r DMAPAA-Q dependence is -0.3. The difference would be due to the different network structures.
RESULTS AND DISCUSSION 3.1 Characterization of DNA-polyelecrolyte complex gels
For the gels of various C MBAA , the concentrations of the cationic group of DMAPAA-Q and the anionic groups of DNA in the pre-gel solution are comparable; 0.1 M of the cationic groups and 0.06 M of the anionic groups, respectively. On the other hand, for most of the gels of various r DMAPAA-Q , there are excess numbers of cationic groups. Therefore, the latter are essentially polyelectrolyte gels, however, for the former, the most of the anionic/cationic groups would be neutralized by the complex formation. The elastic modulus of neutral polymer gels and of polyelectrolyte gels have been studied theoretically. The elastic modulus E for polyelectrolyte gels for the salt free case is given by
where k B , b and N are the Boltzmann constant, the length of a monomer and the number of monomers between the cross-linking points, respectively. 10, 11 The exponent -1/3 in Eq. (3) is comparable to -0.3 for the r DMAPAA-Q dependence in Figure 3 . In the case of neutral gels, E is given by
where ν is the Flory exponent. 12 The slope for the C MBAA dependence in Figure 3 could be compared with the exponent in Eq. (4) because the cationic/anionic groups of the gels would be neutralized. For polymer chains in a good solvent, the exponent ν is 0.6 and this gives the exponent -2.25 in Eq. (4), which is rather smaller than the value -1.6 obtained in Figure 3 . The value of ν could be estimated by comparing the exponent in Eq. (4) and the experimental value -1.6. The obtained value ν = 0.9 is larger than that for a flexible polymer chain in a good solvent and could be found in the case of semi-flexible polymers. The large value of ν would be attributed to an expanded structure of the network polymer chains due to the electrostatic repulsion between the residual ionic groups. 
Adsorption behavior of DNA-polyelectrolyte complex gels
In Figure 4 (a) , the adsorption ratio α is plotted against C MBAA . The ratio α increases with C MBAA and for C MBAA ≥ 0.5 mol%, more than 95 % of AO molecules are adsorbed to the gels. Figure 4 (b) shows the r DMAPAA-Q dependence of α. The ratio α gradually decreases with r DMAPAA-Q .
The decrease in C MBAA and the increase in r DMAPAA-Q both increase the swelling ratio q and therefore decrease the number of DNA molecules per unit mass of the gel. In order to consider the adsorption efficiency of DNA immobilized to the gels, the adsorption ratio α is plotted against the weight W DNA of DNA contained in 0.5 g of the complex gel. In the estimation of W DNA , it is assumed that all DNA molecules in the pre-gel solution were incorporated into the complex gel. The validity of the assumption will be discussed later. 
where C AO-DNA , C AO and C DNA are the concentrations of AO bound to DNA, of AO in the solution and of DNA in base pair unit to which AO is not bound. Eq. (6) and the equations C DNA 0 = C DNA + C AO− DNA (6) and C AO 0 = C AO + C AO− DNA (7) give
where C DNA 0 and C AO 0 are the total concentrations of DNA and AO, respectively. The value of C DNA 0 (mol/L) is calculated from that of W DNA as
where M bp is the average molecular weight of a DNA base pair. The constant K for the adsorption of AO to DNA in a solution is reported as 2.7 x 10 4 L/mol. 13 The adsorption ratio α = C AO− DNA / C AO 0 calculated by Eq. (8) with K = 2.7 x 10 4 L/mol is shown by a thick solid curve in Figure 5 . The data for the C MBAA dependence in Figure 5 (a) is represented by the curve. On the other hand, the data for the r DMAPAA-Q dependence in Figure 5 (b) deviate from the curve. In Figure 5 , the values of α calculated by Eq. (8) with K = 9.0 x 10 3 L/mol and with K = 5.0 x 10 3 L/mol are also shown by thin solid curves. These curves seem to agree with the data in Figure 5 (b). As mentioned before, we assumed that all DNA molecules in the pre-gel solution were immobilized onto the complex gel in the estimation of W DNA . The assumption would be valid in the case that the number of the positive charges on the network is sufficiently large and/or the network density is high enough for the DNA molecules not to diffuse out of the gel in the time scale of the experiment.
In the present study, the concentrations of the cationic group of DMAPAA-Q and the anionic groups of DNA in the pre-gel solution are comparable for the gels of various C MBAA . The dependence of the elastic modulus E on the swelling ratio q in Figure 3 indicates that the cationic and the anionic groups are mostly neutralized due to the complex formation between DNA and the gel network. Therefore, the number of the positive charges on the gel network would be sufficient to immobilize all of the DNA molecules. For most of the gels of various r DMAPAA-Q , there are more positive charges on the network, and the number of the positive charges to immobilize the DNA molecules would be sufficient. The mesh size ξ of the network could be estimated from the elastic modulus E as 12 E~k B T /ξ 3 . (9) The value of E obtained in the present study ranges from 0.4 to 165 kPa and the mesh size ξ of the gels is estimated to range between 3 and 22 nm. The end-to-end distance R e , a measure of the size of a polymer chain, is calculated with the following equation:
where l k and L c are the Kuhn length and the contour length of a chain, respectively. The Kuhn length l k is twice of the persistence length l p . The value of R e of the DNA used in the present study is estimated to be 130 -250 nm. In the calculation, the values of the persistence length l p and the helical rise per a base pair are given as l p = 50 nm and 3.2 Å, respectively. 14 In the present study, the mesh size ξ of the gel network is smaller than the chain size R e of the DNA chain. Thus, it would be legitimate to assume that all the DNA molecules are incorporated in the complex gels.
In Figure 5 (a), it is shown that the binding constant K for DNA immobilized on the gels of various C MBAA is the same as K for DNA in a solution. This result seems consistent with the validity of the assumption that all the DNA molecules are immobilized on the gel. On the other hand, Figure 5 (b) shows that K for DNA in the gels of various r DMAPAA-Q seems smaller than K for DNA in a solution. The reduced adsorption cannot be due to the decrease in the incorporation of DNA in the complex gel as discussed before. When the value of W DNA is the same, the swelling ratio q of the gels in Figures 5 (a) and (b) is almost the same as each other, however, the monomer composition is different.
The reduced adsorption in Figure 5 (b) would be due to the electrostatic repulsion between the cationic groups in the gel and the cationic AO molecules. As implied by Figure 3 , the different monomer composition would induce the different local structure of the complex gel, which could influence the adsorption behavior. Although it is out of scope of the present study, it is interesting to study the effect of a specific local structure of the complex gel on the adsorption behavior of AO.
CONCLUSIONS
DNA-polyelectrolyte complex gels were prepared and the effect of the cross-linking density and of the amount of the cationic monomer on the swelling and the mechanical properties were studied. The adsorption behavior of AO to DNA immobilized on the complex gel was studied. The binding constant K for DNA in the gel network was shown to depend on the monomer composition of the matrix gel network.
